Abstract. Plasma waves are important observational targets for scientific satellite missions to investigate electromagnetic phenomena that occur in space. For future scientific missions, reduction in the resource requirements of plasma wave receivers without loss of performance is important. The present paper introduces a miniaturized on-board instrument for the observation of plasma waves using analogue applicationspecific integrated circuit (ASIC) techniques. The developed ASIC functions as a system chip to filter and amplify signals detected by plasma wave sensors. Miniaturization of the analogue circuit using the ASIC leads to the realization of a tiny plasma wave receiver. The overall size of the developed plasma wave receiver circuit board is less than 1/20 that of a conventional receiver used in previous scientific missions. The power consumption of the system chip and the plasma wave receiver is 165 and 525 mW, respectively.
Introduction
Space is filled with very subtle plasmas that are essentially collisionless. The kinetic energies of plasmas are exchanged not through collision, but through field quantities, such as electric and magnetic fields, i.e., plasma waves. Plasma waves are regarded as a type of radio wave involving plasma. Since plasma is a dispersive medium, many modes exist that cover a wide frequency range of up to a few tens of megahertz.
A number of scientific spacecraft have been launched to investigate electromagnetic environments in space. Small dipole antennas, loop antennas, and search coils are used for sensors on board these spacecraft. The signals received by the sensors are transmitted to the ground after on-board signal processing, and plasma waves are typically observed as frequency spectra. Matsumoto et al. (1994a) realized a breakthrough in plasma wave observation through the use of a digital waveform receiver on board the GEOTAIL spacecraft [1] . The obtained waveform contains not only the amplitude, but also the phase of the plasma waves. Consequently, this waveform receiver contributed to a number of scientific discoveries. For example, Matsumoto et al. (1994b) discovered solitary electrostatic waves by analyzing waveform data from GEOTAIL [2] . Consequently, the importance of waveform observation has increased and such observation has currently become common in scientific missions [3, 4, 5, 6] .
Recently, requirements to reduce the weight budgets for on-board instruments are more stringent than ever, due to growing scientific demands for multi-spacecraft and planetary missions. The digital components of on-board instruments can be easily downsized by using highly integrated circuits developed with recent semiconductor technologies. However, analogue components are much more difficult to miniaturize. Plasma waves exist in a wide frequency band with various intensities, as shown in Figure  1 ; therefore, the analogue components of the plasma wave receiver must have low noise, high sensitivity, and a wide dynamic range. Thus, the use of highly reliable parts that meet military specifications, but are less integrated, has been key in the development of the analogue components for these instruments.
A low-noise amplifier with programmable gain was developed as a dedicated system chip, an application-specific integrated circuit (ASIC), for plasma wave observations [7] . The amplifier was designed to be radiation tolerant, in addition to having low noise of 100 nV/ √ Hz at 100 Hz, using the National Semiconductor SiGe 0.25-µm BiCMOS process. Robustness toward total ionizing dose and single event effects were confirmed. developed an ASIC that included not only amplifiers, but also filters for the waveform receiver, using the TSMC 0.25-µm CMOS process [8] . These ASICs demonstrated that the analogue components of the waveform receiver could be significantly downsized. An ASIC is very small and easily mass-produced, so applying it to on-board instruments is advantageous for multi-spacecraft missions involving small, micro-, or nano-satellites.
The objective of the present paper is to demonstrate the overall performance of the developed system chip and to introduce a tiny circuit board for a waveform receiver. The current ASIC was fabricated using the TSMC 0.25-µm CMOS process. The size of the waveform receiver was successfully reduced to 45×50 mm 2 , which is approximately half the size of a business card. The sensitivity and dynamic range are acceptable for scientific observations, and as such, the miniaturized plasma wave receiver is expected to be used for novel applications [9] .
The remainder of the paper is organized as follows. In Section 2, the design of the waveform receiver is summarized. The details and performance of the system chip and the circuit board are presented in Section 3, and conclusions are given in Section 4.
Circuit Design Summary

Requirements
Plasma waves exist in a wide frequency band and a very wide signal dynamic range, as shown in Figure 1 . The upper frequency limit of the waveform receiver is typically a few hundred kilohertz and is determined by considering the nature of the physical target phenomena, in addition to the power budget and telemetry capacity. A waveform receiver with an upper frequency of a few hundred kilohertz covers the local electron plasma frequency in the outer magnetosphere and the local ion plasma frequency in the ionosphere.
The waveform receiver acts as an analogue front-end system with a wide frequency band. The first requirement of the receiver is that it must have low noise levels. The ability to amplify weak signals is also necessary. Low-noise band-limiting low-pass filters (LPF) are required in front of the amplifier to avoid saturation. In addition, maintaining a wide dynamic range for the receiver requires gain control of the amplifier.
For sample-and-hold and analogue-to-digital (A/D) conversion, anti-aliasing filters must be placed after the amplifiers. Moreover, six channels are required to observe the full set of electric and magnetic fields.
The sensitivity of the receiver is required to be −120 dBV/ √ Hz at 1 kHz, and −140 dBV/ √ Hz at 100 kHz. These values are comparable to the typical output voltagenoise density of a preamplifier. The small sensor node proposed by requires a very small electric field sensor [9] , although conventional scientific spacecraft generally have an electric field sensor with an effective length of greater than 10 m. Assuming that the effective length of the small dipole antenna for the electric field sensor is at least 1 m, the sensitivity requirements enable the receiver to observe several types of plasma waves, such as electron cyclotron harmonics (ECH), auroral kilometric radiation, and type-III solar bursts. The receiver noise must be sufficiently low to satisfy the sensitivity requirements with the small size of the electric field sensor.
Specifications
The specifications of the tiny waveform receiver are summarized herein and compared with the NOZOMI (previous Japanese Mars explorer mission) low-frequency analyzer (LFA) in Table 1 . The LFA is an on-board waveform receiver [10] designed for operation under conditions similar to the terrestrial magnetosphere. The specifications of the tiny waveform receiver are generally superior to those of the LFA in most respects. The six observation channels enable the analysis of a complete set of electromagnetic fields. Only the dynamic range is lower than that of the NOZOMI LFA. Assuming that a monolithic wave is received, the bandwidth can be set to 1 Hz. The sensitivity of the present design is therefore expected to provide better performance than the previous instrument. In addition, the power consumption should be lower than 800 mW. The details of the waveform receiver with the system chip and peripheral circuitries are described in the following sections.
Detailed Description of the Waveform Receiver
System Chip
A block diagram of the system chip is shown in Figure 2 . The system chip includes the analogue circuitry, except for the preamplifiers and A/D converters. Figure 2 shows that four filters are included in a single channel. For integrated circuits, two types of analog filters can be used: a continuous-time filter such as a Gm-C filter, or a discrete-time filter such as a switched capacitor (SC) filter. The filter response of a Gm-C filter is determined by the capacitance and transconductance of an operational transconductance amplifier (OTA). The transconductance of the OTA can be adjusted using its bias current. Gm-C filters have relatively low-noise characteristics and do not require an external signal or a local oscillator. However, they are subject to a large amount of temperature drift and considerable manufacturing variation, which typically necessitates compensation circuits. The SC filter is a discrete-time filter, in which a clock signal is used to switch connections between capacitors and OP-amps. The characteristics of the SC filter are determined by capacitance ratios, resulting in acceptable manufacturing accuracy. Therefore, SC filters can be adopted as filters that must be manufactured with high accuracy. However, an external signal or local oscillator is necessary for switching, and switching generates noise in the SC filter. Switching also causes aliasing due to the sampling of unwanted signals in the frequency band around half that of the switching clock frequency. Therefore, noise eliminating filters are combined with the SC filter.
Thus, because of the noise requirements, the band-limiting filter ((a) in Figure 2) employed is a Gm-C filter. The temperature drift is compensated for by using a current source with piecewise linear temperature characteristics. When the temperature of the system chip increases, the bias currents of the OTAs are also increased by inputting an increased compensation current from the current source. The temperature drift of the gain is small (within 1 dB) ; therefore, the current source compensates the temperature dependence of the cut-off frequency for the Gm-C filter within 6%, from −30 to 60
The SC filter is suitable for use as an anti-aliasing filter ((d) in Figure 2 ), because the anti-aliasing filter should have an accurate frequency response. A sixth-order Chebyshev type filter is adopted to realize a cut-off frequency of 100 kHz and a 78 dB reduction in the gain at 300 kHz. The clock frequency of the SC filter is set to 10 MHz. Two Gm-C filters ((c) and (e) in Figure 2 ) are inserted into the front and rear of the SC filter to eliminate noise. The amplifier ((b) in Figure 2 ) has three gain steps: 0, 20, and 40 dB. The frequency responses of these filters and the amplifier are shown in Figure 3 . The digital-to-analogue (D/A) converter in Figure 2 is included for on-board calibration. An antenna in a plasma has different characteristics from that in a vacuum. In addition, the antenna impedance is strongly dependent on the plasma density and the temperature. Therefore, on-board calibration is necessary to obtain absolute quantification of the electric field components of the plasma waves. The calibration system is typically implemented close to the waveform receiver. An analogue calibration signal is obtained by appropriate setting of the input for the D/A converter. It is assumed that the calibration signal is a set of several monolithic waves or a chirp signal from several hundred hertz to 100 kHz. The waveform data of the calibration signal are digitally stored in a flash memory and periodically read out for D/A conversion. The calibration signal is fed to the waveform receiver after D/A conversion. The D/A converter is implemented with binary-weighted and thermometer-code current mirrors. The resolution of the D/A converter is 8 bits, the upper 4 bits of which are used for the thermometer code and the lower 4 bits of which are used for the binary-weighted code. Correct operation of the D/A converter has been confirmed with a differential nonlinearity of 1 dB.
The layout of the system chip is shown in Figure 4 , in which the six channels appear stacked horizontally, and the dimensions are 3.77×3.01 mm 2 . The manufactured chip is contained in an 80-pin quad flat package. The bonding wires connect to the pins through electrostatic discharge protection pads inside the chip. The dimensions of the die and the package are 5×5 mm 2 and 15×15 mm 2 , respectively. Figure 5 shows the typical gain and phase frequency response performance of the system chip for each gain-setting. Within the pass band, gains of −2.38, 17.1, and 36.1 dB are observed for the each gain-setting. The differences in these gains from the designed gains are due to the output conductance error of the internal OP-amps. The attenuation of the designed filter is insufficient in the frequency range 200 to 300 kHz. This is due to the existence of a zero point in the transfer function, and will be improved in the next version. The pass-band gain and dynamic range at 1 and 100 kHz are shown in Table 2 with the corresponding gain in the attenuation band that causes aliasing. The effective number of bits of the A/D converter decreases to 10 for the low-gain setting. The medium-and high-gain settings provide a dynamic range corresponding to 14-bit resolution of the A/D converter.
Peripheral Circuitries
A block diagram of the overall waveform receiver is shown in Figure 6 . A +5 V power supply, the ground level, and six differential pairs of input signals are fed to the waveform receiver. Common-mode noise on the power line is rejected in the common-mode choke coil. The 3.3 and 1.6 V power supplies for the system chip are supplied from the two regulators. The other devices also operate with the regulated 3.3 V power supply. The reference current can be determined using an external variable resistor, so that the reference current may be changed. The crystal oscillator generates a 10 MHz clock signal, which is fed to the ASIC, the A/D converters, and the divider through two series inverters. The divider produces a sampling frequency of 400 kHz. Six A/D converters operate synchronously with the sampling frequency and output digitized signals of the waveforms. Each bit of the A/D converter output is serial. Table 3 presents the model number, current, and power loss of all the devices in the waveform receiver. The regulator for 3.3 V and the ASIC account for a large portion of the power consumption. Therefore, these two devices should have specified heat radiators for a flight module. Figure 7 shows photographs of the fabricated waveform receiver. The panels (a) and (b) in Figure 7 show the top and back of the printed circuit board, respectively. The system chip is installed on the upper-right corner of the top side. Two 15-pin MDM connectors are used: one for the power lines and input signals, and the other for the output signals. The A/D converters, oscillator, and the divider on the back are separated from the analogue ground plane by the digital ground plane inside the board. The dimensions of the waveform receiver board are 45×50 mm 2 . Compared to the LFA presented in Table 1 , the area per observation channel of the present device is reduced to less than 1/20. The weight and power consumption of the receiver are 24.9 Ch.6 to Ch.1 Ch.6 to Ch.5 Ch.6 to Ch.1 (Chip Only) Ch.6 to Ch.5 (Chip Only) Figure 8 . Crosstalk of the waveform receiver and the system chip from channel 6 to channels 1 and 5.
Overall Evaluation
g and 525 mW, respectively. Figure 8 shows the measurement results for crosstalk of the circuit board and system chip. The crosstalk of the system chip is larger than that of the circuit board, because of the coupling in the chip-testing board. Crosstalk is typically required to be less than −50 dB. In Figure 8 , the crosstalk requirement is fulfilled at frequencies lower than 20 kHz. Although the crosstalk becomes larger than the typical requirements in the frequency band higher than 20 kHz, the crosstalk is acceptable up to −40 dB, compared to that for the search coil of the on-board BepiColombo/MMO [12] .
The sensitivity of the circuit board shown in Figure 9 is calculated from the measured output noise voltage densities at the input of the A/D converter and the frequency responses. The sensitivities for the medium-and high-gain configurations are better than that for low gain. The noise is amplified as much as the pass-band gain for the high-gain configuration, so that the sensitivity at high gain is approximately equal to that at medium gain. The sensitivity results indicate that the developed circuit board is suitable for use on scientific missions. However, the 1/f noise in the low frequency band raises considerable concern regarding the sensitivity. To reduce the 1/f noise, a chopper amplifier and correlated double sampling may be suitable.
It is assumed that the waveform receiver will operate in the temperature range from −30 to 60
• C. The correct operation of all components has been confirmed in this range by temperature testing. When the temperature changes from −30 to 60
• C, the change in the gain at 10 kHz is −0.6, −2.1, and −1.8 dB for the low, medium, and high gain settings, respectively. The change in sensitivity at 10 kHz is −3.4, +0.7, and +0.8 dB for the respective gain settings. The cut-off frequency changes within +2 kHz. Thus, the developed waveform receiver is compatible with the thermal environment inside a spacecraft.
Radiation tolerance is also an important issue to be investigated, although the waveform receiver presented here has yet to be tested. Single-event effects and total critical ionizing dose are potentially harmful to the A/D converters, inverter and the divider ICs. However, this is outside the scope of the present paper. Radiation-intolerant devices in the peripheral circuitries could be replaced with alternatives that have been confirmed as radiation tolerant, which may require some slight design changes. We have prospects on the radiation tolerance of the system chip as follows. Total ionizing dose and single event latch-up are considered important for radiation tolerance of the analogue components. The total ionizing dose of the ASIC using the TSMC CMOS process has been confirmed to be over 10 krads for space applications [13] . In order to avoid latch-up, every MOSFET device in the system chip has a substrate or well ring connected to the body node of the device to reduce impedance between the source and body nodes of the device. Hence, the system chip, the key component of the waveform receiver, would be expected to be radiation tolerant. However, this should be proved experimentally; therefore, radiation tests for the system chip and the waveform receiver are planned for the future.
Conclusions
Plasma wave observations are very important in the understanding of space electromagnetic phenomena. The waveforms can provide not only amplitude but also phase information of the plasma waves. We have introduced a waveform receiver miniaturized to dimensions of 45×50 mm 2 , which is half the size of a business card. The design and performance of the developed waveform receiver were described. A system chip that includes the analogue components (six channels of filters and amplifiers) of the waveform receiver was developed. The frequency response, dynamic range, sensitivity, and temperature dependence were discussed. Downsizing with the system chip was demonstrated to be effective to realize an instrument that satisfies the requirements for miniaturization and plasma wave observation. Consequently, a miniaturized instrument is expected to be used on future multi-spacecraft and/or planetary exploration missions.
